The primary visual cortex of higher mammals is organized into diverse functional maps of 11 correlated topography, implying an efficient tiling of functional domains. However, no 12 fundamental principle is available on how systematic organization of the maps could 13 develop initially in various species. Here, we propose that diverse functional maps are 14 seeded from a common framework of retinal afferents, and that this universality of 15 development explains the observed topographical correlations among the maps. From the 16 simulation of retinal ganglion cell mosaics, we successfully developed all four cortical 17 maps observed so far. We validated our model prediction of inter-map relationships from 18 analysis of map data in evolutionarily divergent mammalian species. Our key prediction, 19 the hexagonal periodicity of every functional map, was validated from analysis of the map 20 data in diverse mammalian species. Our results provide new insight into a universal 21 mechanism for the development and evolution of the visual cortex. 22 2
processing is under debate 5, 6 , correlations between the topographies of different functional 27 maps have been observed, implying their systematic organization. For instance, it was 28 reported that the gradient of orientation tuning intersects orthogonally with that of ocular 29 dominance 7 and preferred spatial frequency 8 in the same cortical area. High-resolution two-30 photon imaging data revealed that the region of higher spatial frequency tuning tends to 31 align with the binocular region in the ocular dominance map 9 . Such structural correlation 32 between the maps is thought to achieve a uniform representation of visual features across 33 cortical areas 10 . In addition, these findings in phylogenetically distinct mammalian species 34 imply that there may exist a universal principle of development and evolution organizing 35 individual functional maps 11 , possibly which results in efficient tiling of sensory modules. 36
Important clues regarding the development of the maps were found in the thalamic 37 origin of the selective response in V1. When cortical recurrent activity was silenced so that 38 only thalamic afferents were provided, the preferred orientation angle of a V1 neuron 39 remained consistent 12, 13 , which suggests that cortical orientation tuning originates from 40 feedforward afferents. In addition, it was reported that orientation tuning in V1 is 41 predictable from the local average of thalamic ON and OFF receptive fields 14 . At larger 42 scales, it was reported that the topography of functional maps in V1 is strongly correlated 43 with the spatial arrangement of thalamic afferents 15, 16 . Furthermore, it was recently 44 observed that direction preference in V1 arises from temporal delay in thalamic inputs 17 . 45
These observations altogether imply that functional tuning in the cortical neurons may 46 47 various functional tuning might be seeded initially from the same blueprint of feedforward 48
projections. 49
Given this, how could the feedforward afferents provide a regularly structured layout 50 of functional tuning to seed an orderly architecture of the map? The statistical wiring 51 model 18, 19 suggested that V1 receptive field structure is constrained by the local structure of 52 ON and OFF mosaics of retinal ganglion cells (RGCs) 20 . In this view, the receptive field of 53 a V1 neuron is generated from the sum of receptive fields of local RGC that provides 54 feedforward afferents, and the V1 neuron is tuned to orientation due to the anisotropy of the 55 receptive fields. Adapting this notion, the moiré interference model further proposed that 56 spatial interference patterns between the hexagonal mosaics of ON and OFF RGC generate 57 a quasi-periodic pattern that seeds the topography of an orientation map early in 58 development 21, 22 ( Fig. 1b-c) . The key assumption that RGC mosaics patterns seed the 59 topography of cortical orientation maps, allowed this model to successfully explain how 60 regularly structured cell mosaics in the retina could seed the early structure of an 61 orientation map 23 and its hexagonal periodicity 24 in diverse species of higher mammals. 62
Herein, expanding this developmental principle of orientation maps, we propose that 63 such a regular distribution of RGCs can also induce multi-modal functional maps in V1 64
( Fig. 1d-g ). Our hypothesis is that local ON and OFF afferents can induce multiple types of 65 neural tuning according to their spatial and temporal profiles. First, temporal delay between 66 ON and OFF pathways induces direction selectivity in receptive fields of ON and OFF 67 subregions (Fig. 1d) . Second, variation of the distance between neighbouring ON and OFF 68
RGCs modulates the degree of overlap between ON and OFF receptive field subregions, 69 which varies the sum of neural responses to ON and OFF stimulus in contralateral 70 the direction map from the orientation map and measured again, the overlap ratio 126 noticeably decreased as the amount of shift increased, confirming that the predicted 127 correlation between the two maps does exist (Fig. 2k) . 128
129

Development of ocular dominance with RGC mosaics from two eyes 130
We showed that a pair of ON and OFF RGC mosaics (the retinal afferents from the 131 contralateral eye) could seed the layout of orientation and direction maps. However, to 132 describe the development of ocular dominance, the inputs from the ipsilateral eye must be 133 considered as well. With a notion that thalamocortical projections from the contralateral 134 eye arrive at V1 ahead of those from the ipsilateral pathway 33 , we implemented this process 135 so that the connections from each pathway would develop sequentially (Fig. 3a) . From the 136 simulation, we propose that the RGC mosaics of the contralateral retina also initiate 137 periodic topography of cortical response by contra-and ipsilateral afferents, and result in 138 the ocular dominance map. 139
At early developmental stage when only the contralateral afferents are provided, 140 spatial variation of the ON-OFF distance in RGC mosaics could induce periodic fluctuation 141 of local cortical activity (Fig. 3b-c) . When ON and OFF RGCs are close to each other, ON 142 and OFF subregions in the V1 receptive field largely overlap and cannot be simultaneously 143 activated by visual stimulus. In this case, the cortical responses from ON and OFF afferents 144 are not summed up at their peak values, resulting in weak total response (Fig. 3b, top, Fig.  145 3c, white circle). In contrast, when ON and OFF subregions are more separated, both 146 subregions can be simultaneously activated by proper stimuli, resulting in stronger cortical 147 response (Fig. 3b, bottom, Fig. 3c , white triangle). The estimated cortical response 148 appeared as an increasing function of the distance between ON and OFF RGCs. Moreover, 149 the moiré pattern of contralateral RGC mosaics could induce periodic cortical activity, even 150 without spatial variation in the feedforward connection strengths (Fig. 3c) . Such a pattern 151 of cortical response at the early stage could provide a blueprint for the ocular dominance 152 map ( Fig. 3d-f) . 153
To simulate a complete developmental process for an ocular dominance map, we first 154 modelled activity-dependent wiring of the contralateral pathway 33 such that the strength of 155 feedforward connection was potentiated as the response of a postsynaptic neuron to 156 feedforward spikes got stronger. (Fig. 3a; for details, see Methods). As a result, a two-157 dimensional hexagonal pattern of contralateral wiring strength was developed in the cortex 158 from the ON and OFF RGC mosaics structure ( Fig. 3d and Supplementary Fig. 1) . Next, 159 we allowed the same type of plasticity in the ipsilateral pathway and simulated the 160 development of cortical afferents from both eyes. To examine the balance between contra-161 and ipsilateral afferents at unit scale, we normalized the total strength of contra-and 162 ipsilateral afferents for each V1 neuron as a constant. Thus neurons with strong 163 contralateral afferents received relatively weaker ipsilateral inputs and vice versa (Fig. 3e) . 164
As a result, this developmental process reproduced a periodic ocular dominance map, the 165 layout of which was initially seeded by contralateral RGC mosaics (Fig. 3f) . 166 A key prediction of our model is that the ocular dominance at a cortical site depends 167 on the distance between ON and OFF receptive fields from the contralateral pathway. We 168 were able to validate this prediction using recently published cat data of multi-electrode 169 recordings across the V1 15 (Fig. 3g) . We confirmed that the distance between ON and OFF 170 afferents from the contralateral pathway, as well as the ocular dominance, varied 171 periodically across the cortical surface and that their spatial periods were practically 172 identical (only 0.7% different; Fig. 3h and i) . In addition, the observed ocular dominance 173 was significantly correlated with the distance between ON and OFF receptive fields from 174 the contralateral pathway, but not with that from the ipsilateral pathway (Fig. 3h, ocular  175 dominance vs. dcontra: r = +0.602, P = 0.002, lag = 0.2 cycle of ocular dominance period, 176 ocular dominance vs. dipsi: r = −0.441, P = 0.605, lag = −0.5 cycle). This result is consistent 177 with our model prediction that the layout of the ocular dominance map is constrained by the 178 spatial organization of contralateral afferents. 179
One might argue that the ocular dominance map in a monkey shows a stripe pattern, 180 different from the blob-like pattern in cats and our simulation (Fig. 3f) . The degree of 181 anisotropy in the retinotopy may provide a clue to explain this difference across species. 182
The focus of our simulation was on the condition of isotropic retinotopy, where 183 magnification factors along the polar and eccentric axes are similar to each other, as 184 observed in the cat 34 . However, in monkeys, the ratio between these two magnification 185 factors is about 1.5
35
, implying that the same distance on each axis in the retinal space is 186 noticeably different in the cortical space. When this anisotropy is introduced in our model, 187 it distorted the initial blob-like pattern, so that blobs were connected along the polar axis, 188 resulting in the stripe pattern along the eccentric axis observed in monkeys 189 (Supplementary Fig. 2) . 190
191
Development of spatial frequency map from binocular afferents 192
Next, we show that the ocular dominance patterns in the V1 can induce the organization of 193 spatial frequency maps. In the previous study, it was reported that the spatial organization 194 of frequency tuning in V1 neurons matches the structure of the ocular dominance map in a 195
way that the neurons of higher binocularity (receives strong inputs from both eyes) are 196 tuned to higher spatial frequency 9 . Here, we show that this relationship between spatial 197 frequency tuning and binocularity is achieved from a common origin of the two maps, the 198 spatial organization of ON and OFF afferents (Fig. 4) . 199
In our model of ocular dominance maps, local cortical neurons become either a 200 contra-or ipsilateral dominant region, depending on the distance between ON and OFF 201 (Fig. 4a) . Thus, when the ON-OFF distance in the contralateral RGC mosaics is minimum 202 and maximum, the corresponding V1 regions become monocular (either contra-or 203 ipsilateral dominant; Fig. 4b , top and bottom), while the areas in between become binocular 204 regions where the neurons receive balanced input from both eyes (Fig. 4b, middle) . During 205 this process, we first found that the orientation preference of ipsilateral afferent can match 206 that of contralateral receptive field through an activity-dependent matching process 207 ( Supplementary Fig. 1 ), as observed in animal data 23 . More importantly, we found that the 208 phase difference between the contra-and ipsilateral receptive fields 36 induces a preference 209 to higher spatial frequency of the summed receptive field in binocular regions (Fig. 4b,  210 middle). As a result, a periodic spatial frequency map is induced along with the ocular 211 dominance map that is initially seeded from the contralateral retinal mosaics (Fig. 4c) . 212
From our model simulations, we observed that the spatial frequency tuning was strongly 213 correlated with the binocularity in all local cortical areas ( Here, we propose that the structure of retinal afferents provides a blueprint for every 222 functional map in the cortex, and this common origin of RGC mosaics induces intrinsic 223 structural correlations among the maps ( Fig. 5a-d) . 224
Previously, we showed that orientation pinwheels develop at the locations where the 225 distance between RGC ON and OFF receptive fields is either local maxima or minima 22 226 ( Fig. 5a ). If we examine other functional tunings of neurons around such singularities, it is 227 observed that the orientation, ocular dominance and spatial frequency tunings must have 228 well-correlated map structures, each with contribution from the structure of retinal ON and 229 OFF afferents (Fig. 5b) . As illustrated in the model RGC mosaics (Fig. 5a) , the distance 230 between the nearest ON and OFF RGC varies in the direction (Fig. 5a , red arrow) 231 orthogonal to that of ON-OFF dipole angle variation (Fig. 5a, blue arrow) . Thus, the 232 gradient of a preferred orientation map changes in a circular direction around the 233 orientation pinwheels (Fig. 5b, left) . At the same time, ocular dominance which depends on 234 the distance between ON and OFF RGCs, changes in the radial direction from the 235 singularity ( Fig. 5b, middle) . As a result, gradients of the two maps must cross 236 orthogonally in the cortical space. Similarly, a spatial frequency map that develops parallel 237 to the ocular dominance map is aligned orthogonal to that of the orientation map (Fig. 5b, 
right). 239
We validated these model predictions using published functional map data from 240 animal experiments and confirmed the relationship between the maps observed in the 241 simulation. As predicted by our model, both ocular dominance (cat 7, 10, 25, 28, 37 , monkey 9, 38 , 242
) and spatial frequency tuning maps (cat 7, 10, 25 , monkey 8, 9 ) showed orthogonal 243 relationship to the structure of the orientation map in the same area ( Fig. 5c-d hexagonal symmetry in the map topography in common. We tested this prediction using 254 published animal data on direction 27, 29, 30 , ocular dominance 7, 10, 25, 26, 28 and spatial frequency 255 maps 7, 25 from different species as was done for orientation maps in our previous study 21 . 256 As predicted, 2D autocorrelation of the individual maps showed a hexagonal pattern 257 of peaks (Supplementary Fig. 3) . The statistical significance of the local peaks was tested 258 against control maps that matched the spectral power and spatial periodicity of the original 259 map, but with an isotropic amplitude spectrum instead of hexagonal periodicity (for details, 260 see Supplementary Fig. 3 or reference 21) . We observed that all the hexagonal 261 autocorrelation peaks of individual maps exhibited a significance level of P < 0.01. In the 262 average plot of autocorrelations, we confirmed that the peaks closely matched the expected 263 hexagonal periodicity in three types of functional maps from species as different as cat, 264 ferret, and galago (Fig. 5e) . 265 266 Discussion 267
How are various functional maps created? Is there a universal principle on the development 268 of these functional architectures in the cortex? With these questions in mind, we introduced 269 a novel model assuming that all the observed functional maps arise from projection of the 270 structure of retinal mosaics (Fig. 1) , and that this common origin induces systematic 271 organization among the layouts of different maps, such as the orthogonal intersection of 272 map gradients. In addition, we found hexagonal arrangement of iso-domains in each 273 functional map by analysing the published animal data for various species, which has never 274 been reported previously. These results support our idea of a single universal principle 275 active in the developmental mechanism of diverse functional maps in the V1. 276
Several important issues on the development of functional maps were also addressed 277 by our model. It has been reported that the ocular dominance map arises even before the 278 inputs from both eyes are segregated in the cortex 23, 40 , and this observation is 279 understandable because the initial arrangement of ocular dominance domains does not 280 require inputs from both eyes in our model. Considering the earlier development of the 281 contralateral visual pathways 33 , our model hypothesis that spatial variation of inputs from 282 the contralateral retinal mosaics is sufficient to induce the arrangement of the contralateral 283 dominant domains (Fig. 3d) Compared to other maps, a relatively complicated architecture for spatial frequency 299 maps may have caused difficulty in precise analysis of the location of orientation pinwheels 300 on spatial frequency maps and resulted in contradictory results across some observations. 301
Once, it was reported that pinwheels are preferentially located around the centre of ocular 302 dominance domains 28 where binocularity is relatively low. Because it was observed that the 303 binocularity in the cortical neurons has positive correlation with the preferred spatial 304 frequency across the cortical surface 9 , pinwheels were expected to be located in regions 305 encoding low spatial frequency. However, in other, more precise optical imaging studies, 306 the orientation pinwheels are reported to be more probably located at either low or high 307 spatial frequency domains 7, 25 or in the positions between high-and low-frequency 308 regions 43 . Considering that estimating the pinwheel location can be affected by the 309 preprocessing condition found in the optical imaging methods (see Figure S2 in earlier 310 work 44 ), further studies imaging larger patches with higher resolution could provide a clue 311 to resolve this contradiction. 312
On the other hand, one might question why neural tuning is arranged randomly in 313 rodent V1, termed a salt-and-pepper map, and if our model can also address these issues in 314 rodents. Recent tracing studies revealed that feature preference may not be randomly 315 distributed in rodent V1, but is spatially clustered within a short distance that could not be 316 observed with older techniques 45, 46 . Apart from the distinct retinal organization found in 317 higher mammals and rodents, another crucial factor in determining the scale of spatial 318 clustering may be convergent projection in the feedforward visual pathway Neurosci. 5, 486-501 (1985 431-437 (1984) . The simulations were performed based on the statistical wiring model 18, 19 . Here we briefly 465 summarize the algorithm and the parameters used in the simulations. 466
Structure of retinal ganglion cell mosaics 467
To simulate the development of binocular afferents to the V1, the contra-and ipsilateral 468 RGC mosaics were individually generated by the superposition of ON and OFF RGC 469 mosaics. The mosaic of each type of RGC was generated by adding random displacement 470 The ϵ represents the learning rate, how fast the synaptic weights are updated. Note that we 533 assumed that there is a limitation of resource, so both and ∑ have upper limit 534 and . The development of both contra-and ipsilateral pathways were simulated with 535 drifting grating inputs for 10,000 frames. 536 537
Measurement of cortical functional maps 538
At the initial stage of development, we assumed that the RGCs are statistically wired to 539 cortical space in a two-dimensional Gaussian function with a standard deviation of . 540
The preferred direction of each cortical site was calculated from the angle 544 between the centre positions of ON and OFF RGCs. 545
The ocular dominance was calculated as the relative strength of the mean cortical 547 response , to visual stimulus , given to contra-and ipsilateral RGCs. 
